Introduction
Among Gram-negative bacteria the most common mechanism of resistance to /?-lactam antibiotics is the production of enzymes that hydrolyse the /Mactam ring (/Mactamases). The genes (bla) encoding such resistance can be located on plasmids or the bacterial chromosome (Roy et al., 1986 , Simpson el al., 1986 . Aeromonas spp. are almost invariably resistant to ampicillin, and most often this is mediated by /J-lactamases (Shannon, King & Phillips, 1986; Iaconis & Sanders, 1990; Massidda, Rossolini & Satta, 1991; Segatore et al., 1993) . Aoki & Egusa (1971) suggested that ampicillin-resistance was an innate property of Aeromonas spp., since such resistance could not be transferred to Escherichia coli. A similar conclusion was reached by Sawai et al. (1976) who demonstrated that ampicillin resistance was not lost from Aeromonas hydrophila during prolonged storage in cooked meat medium or by treatment with ethidium bromide. It thus appears that /?-lactamases are most often chromosomally encoded in Aeromonas spp. Indeed, an isolate of Aeromonas sobria with three chromosomally encoded /7-lactamases has recently been described (Walsh et al., 1995) .
There is little information available on transferable /Mactam resistance in Aeromonas spp. (Bush, 1989) . In the present study we describe a bla gene that was not expressed in its Aeromonas caviae host, but which produced /?-lactamase when transferred by conjugation to E. coli K12. The properties of the /Mactamase are described and the bla gene sequenced and compared with previously characterized enzymes.
Material and methods

Bacterial strains
A. caviae strains A035 and A171 were isolated from stools of children with diarrhoeal disease at the Royal Liverpool Children's Hospital UK. E. coli K12 strains HB101 (supE44, recA\3, proA2, lacY\, galYJl, rps620, ) and 14R525 (prototroph, gyrA) were used for conjugation and transformation experiments. HB101 is resistant to streptomycin (500mg/L) and 14R525 to nalidixic acid (30 mg/L). All strains were stored at -70°C on Protect beads (TSC Ltd. Heywood, UK), and subcultured on nutrient agar.
Antimicrobial susceptibility and transfer of resistance
Susceptibility to /?-lactam and other antibiotics was determined by a controlled diffusion method (Working Party, 1991) Transfer of ampicillin resistance by conjugation was done using both filter and broth mating methods. Transconjugants were selected on nutrient agar incorporating ampicillin (100 mg/L) and nalidixic acid (30 mg/L for 14R525) or streptomycin (50 mg/L for HB101). For the broth conjugation experiments, after incubation the donor-recipient mixtures were washed twice by centrifugation in normal saline to remove any soluble /Mactamase excreted by the parental A. caviae. An ampicillinsensitive strain of A. caviae (A171) was used in transformation experiments which were performed by the standard CaCl 2 method (Sambrook, Fritsch & Maniatis, 1989) .
fl-Lactamase characterization
Crude /Mactamase preparations were made by sonic disruption of bacteria (Hart & Percival 1982) . The preparations were clarified by centrifugation (13,000 g for 15 min), the supernates passed through 0.22//m filters and stored at -70°C in aliquots. Analytical iso-electric focusing was performed as described previously (Corkill et al., 1991) and the pi determined by comparison with proteins of known pi using a surface reading pH electrode. Protein content was estimated using a micro-assay (Bio-Rad, UK), and /Mactamase molecular weights determined by gel filtration through a Sephadex G-75 column (Andrews, 1964 ) using ribonuclease A, chymotrypsinogen A, ovalbumin and albumin (Pharmacia, UK) as standards.
Substrate hydrolysis profiles were determined qualitatively by a disc-inactivation method (Hart & Percival, 1982) . /?-Lactamase activity was quantified by adding the enzyme to nitrocefin (100 HIM). It was expressed as //moles of nitrocefin hydrolysed per mg of enzyme protein per minute. For inhibition profiles /Mactamase preparations (50 fiL) standardized by protein content were tested at room temperature for their ability to hydrolyse nitrocefin (100 HIM) in the presence of p-chloromercuribenzoate (pCMB; IO-'M), cloxacillin (10" 2 M), clavulanic acid (10 mg/L), tazobactam (10 mg/L), potassium iodide (20 mg/L) or ethylene-diamine tetra-acetic acid (EDTA; 10 ~3M). The percentage inhibition was calculated as: (A -B/A) x 100 where A is the uninhibited rate of reaction and B is the rate in the presence of inhibitor.
Plasmid analysis
Extraction of plasmid DNA was done using a commercial kit (Qiagen; Hybaid Ltd, UK). Plasmid DNA was separated by electrophoresis in horizontal agarose (0.7%) gels in tri-acetate buffer (pH 8.0) at 100 mV for approximately 2 h. The gel was stained with ethidium bromide (0.003% w/v) for 15 min, and plasmid bands were detected using a UV transilluminator.
Genetic studies
Oligonucleotide primers (LCM1 and LCM2) were designed to flank the whole of the TEM gene. The primers (5'->3') used were as follows:
LCM1 (81) GTGGCACTTTTCGGGGA (97),
LCM2 (1053) ATGAGTAAACTTGGTCTGAC (1072).
A further internal probe (LCM3) was also designed.
LCM3 (251) GCGGCATTTTGCCTTCC (267).
The number in parenthesis represent the nucleotide positions of the TEM-1 bla gene (Sutcliffe, 1978) . Plasmid DNA from A. caviae A035 and its E. coli transconjugants were digested by EcoKl and transferred to nitrocellulose filters (Ampligene, France) according to the method of Southern (1975) . The oligonucleotides LCM1, LCM2 and LCM3 were labelled with P 32 dATP (ICN Radiochemicals, USA) and hybridizations were performed overnight at 46°C. The filters were washed in 6 x SSC (52.6 gm/L NaCl, 7.94 gm/L trisodium citrate) at room temperature for 2-6 min and subjected to autoradiography. The polymerase chain reaction (Saiki et al., 1985) was performed in a total volume of 100 \iL containing 2 (iL (200 ng) of plasmid DNA as template, 20 pmol each of the oligonucleotide primers, LCM1 and LCM2, 10 mM each of dATP, dCTP, dCTP and dTTP (Boheringer, Germany), 10 mM MgCl 2 and 2.5 ^L of Taq DNA polymerase. Samples overlaid with liquid paraffin were amplified in a Hybaid thermal cycler by heating at 94°C for 2 min followed by 30 amplification cycles with the following conditions; denaturation at 94 C C for 1 min, annealing at 46°C for 1 min and an extension step at 72°C for 1.5 min. A final DNA extension step was performed at 72°C for 10 min.
The 1100 bp PCR-amplified fragments were purified by the SpinBind PCR purification system (Flowgen, UK) according to manufacturer's instructions. They were then sequenced with the Taq Dye Deoxy Tm Terminator cycle sequencing kit (Applied Biosystems Inc, UK) and the sequences analysed using an Applied Biosystems Model 373A DNA sequencing system. Each sequencing was performed three times with concordant results.
Results
By controlled disc diffusion A. caviae AO35 was resistant to ampicillin, co-amoxiclav, cephradine, ticarcillin and tetracycline but sensitive to all other antibiotics tested. Conjugative transfer of ampicillin resistance was carried out by broth and filter mating. No transconjugants were obtained by broth mating (six experiments) but successful transfer occurred to both E. coli HB101 and E. coli 14R525 on filter mating. The frequency of plasmid transfer from AO35 to E. coli HB101 was 7.4 x 10~3 and to E. coli 14R525 was 4.3 x 10 " 3 . The plasmids were also successfully re-transferred from transconjugant E. coli HB101 to E. coli 14R525 and from transconjugant E. coli 14R525 to E. coli HB101 by filter mating (at rates of 7.4 x lO"" and 4.2 x 10"' respectively). Examination of each of the four transconjugants and parental A. caviae 035 showed a single 55.5 kb plasmid which in each case had the same restriction endonuclease digest profile.
fl-Lactamase
In each case acquisition of the plasmid by E. coli K12 was associated with development of resistance to ampicillin and ticarcillin, and the ability to hydrolyse nitrocefin. On iso-electric focusing (IEF) of the /Mactamase preparation from A. caviae 035 bands of pi 8.9, 8.7, 6.8 and 6.7 were observed (Table) . Despite the presence of four different bands on IEF the /?-lactamase activity was associated with a protein c. 24,000 in molecular weight. In contrast, the /Mactamases in each of the four transconjugants had a pi of 5.3 and apparent molecular weight of c. 22,400. In each case the MICs of cefotaxime and ceftazidime (by E test) of the transconjugants were 0.064 and 0.5 mg/L respectively. Although the ^-lactamase extracted from the transconjugant was able to produce complete hydrolysis of ampicillin and ticarcillin within 1 h using the disc inactivation method no hydrolysis of ceftazidime was observed even after incubation for 7 h at 37°C. The /Mactamase in the transconjugants were inhibited by cloxacillin and clavulanic acid, but not by pCMB (Table) . In contrast, the /J-lactamase of parental A. caviae 035 was inhibited only by cloxacillin.
Plasmids obtained from A. caviae 035 and each of the four transconjugants were hybridized to the three TEM specific oligonucleotide probes (LCM1, LCM2 and LCM3). In each case hybridization was detected.
PCR amplification of plasmid DNA from parental A. caviae 035 and from each of the four E. coli transconjugants yielded a 1100 bp product that was identical in size to that from control pBR322 which carried TEM-1. An open reading frame of 858 bp was found and the nucleotide and deduced amino acid sequences of TEM-1 (pBR322) and the A. caviae 035 plasmid encoded (ACPE) /?-lactamase were compared. The nucleotide sequences of TEM-1 and that of the plasmid encoded bla genes showed 99% identity. Using the 5' to 3' nucleotide numbering system of Sutcliffe (1978) differences in the ACPE bla gene were found at positions 346 (G for A), 436 (T for C), 682 (C for T), 692 (A for C) and 925 (A for G). Most of the nucleotide substitutions were conservative, but that at position 692 (A for C) resulted in arginine being replaced by serine at amino acid position 162.
Discussion
Most studies on /f-lactamases of Aeromonas spp. have concentrated on the chromosomally encoded enzymes that are inducible and able to hydrolyse cephalosporins and carbapenems (Hedges et al., 1985 , Shannon et al., 1986 , Bakken et al., 1988 , Iaconis & Sanders, 1990 , Massidda et al., 1991 , Segatore et al., 1993 , Walsh et al., 1995 . In contrast, there is little information on their plasmid encoded /Mactamases. Indeed, there is little information on Aeromonas plasmids at all. One recent study has shown that plasmids (3.6-24 kb) were present in only 9 (17%) of 56 Aeromonas spp. examined (Alabi & Odugbemi, 1990) . In the present study, a TEM-like /Mactamase was found to be encoded on a self-transferable 55.5 kb plasmid. The plasmid could not be transferred in broth mating experiments but only on filters. This suggests that the short, fragile sex pili associated with surface matings and associated with plasmids of a variety of incompatibility groups including IncP and IncN are involved in transfer. On comparing the /Mactamases expressed by A. caviae 035 and the E. coli transconjugants it was apparent that they were different. The transconjugant enzyme had a pi of 5.3 and was inhibited by cloxacillin and clavulanic acid but not by pCMB; features typical of a TEM-like enzyme. In contrast, the parental A. caviae 035 expressed a /Mactamase that produced bands of pi 6.6-8.9 with a higher molecular weight and which was not inhibited by clavulanate. The most likely explanation for this is that the TEM-like bla gene is not expressed in A. caviae 035, but is so when transferred to E. coli K12. Further confirmation that the TEM-like bla gene was present on the 55.5 kb plasmid both in parental A. caviae 035 and the transconjugant E. coli K.12 was obtained by DNA hybridization and PCR using primers that amplify the whole TEM gene. PCR amplification of TEM-1 (from pBR322) and from the Aeromonas plasmid yielded 1100 bp amplicons. Analysis of the sequences showed that both had an 858 bp open reading frame. There were only 5 nucleotide substitutions in the ACPE bla gene and only one of these (A for C at nucleotide 692) resulted in an amino acid substitution (serine for arginine at amino acid position 162). The same five nucleotide substitutions have been described for TEM-7, TEM-8, TEM-9, TEM-12 and TEM-26b (Hibbert-Rogers et al., 1994) . However, TEM-7, -8, -9 and -26b have between two and four further nucleotide substitutions which lead to one to three amino acid substitutions. TEM-12 (Weber et al., 1990) shows the closest homology to the Aeromonas plasmid encoded bla gene. They differ only at nucleotide position 162 and this is a conservative substitution. TEM 12 was originally described as chromosomally encoded (Weber et al., 1990) but more recent studies have demonstrated that it was present on a transposable element on a plasmid in a clinical isolate of Klebsiella oxytoca (Heritage et a/., 1992) . However, the cryptic ACPE /Mactamase neither conferred resistance to ceftazidime nor the ability to hydrolyse ceftazidime.
Why the bla gene is not expressed in A. caviae 035 is not clear. Attempts to transform the 55.5 kb plasmid into an ampicillin-sensitive A. caviae were unsuccessful. It is possible that the correct promoter or RNA polymerase systems are absent in A. caviae. However, a similar phenomenon was observed when plasmid RP4 was transferred in vitro from E. coli K12 to Rhodopseudomonas sphaeroides (Miller & Kaplan, 1978) . The RP4 plasmid encoded carbenicillin hydrolysing /Mactamase was readily detected in E. coli but not in R. sphaeroides.
Finally it is difficult to explain why the nucleotide and amino acid substitutions are present in the A. caviae 035 plasmid encoded bla gene. Since it is not expressed there would seem to be little selective pressure to drive such changes. However, it is clear that Aeromonas spp could be a silent reservoir of plasmid encoded bla genes.
